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Edited by David LambethAbstract Superoxide generation by NADPH oxidase 5
(NOX5) is regulated by Ca2+ through intramolecular activation
of the C-terminal catalytic domain by the EF-hand-containing
N-terminal regulatory domain. The C terminus contains a con-
sensus calmodulin-binding domain (CaMBD), which, however,
is not the binding site of the N-terminal regulatory domain. Here
we show by pull down, cross-linking, ﬂuorimetry and by enzy-
matic assays, that calmodulin binds to this CaMBD in a Ca2+-
dependent manner, changes its conformation and increases the
Ca2+ sensitivity of the N terminus-regulated enzymatic activity.
This mechanism represents an additional sophistication in the
regulation of superoxide production by NOX5.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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After stimulation by pathogens, receptor agonists and shear
stress [1], many cells produce superoxide using several
NADPH oxidases (NOX). Largely diﬀerent activation mecha-
nisms have been unveiled for the diﬀerent NOX isoforms [2].
The phagocyte oxidase (gp91phox/NOX2), the best character-
ized family member, is stimulated by phosphorylation-acti-
vated p47phox and p67phox in conjunction with activated Rac,
and p40phox [3].1 NOX1, expressed in colon and vascular
smooth muscle, is activated by NOXO1 (organizing) and
NOXA1 (activating) subunits [4], homologs of p47phox and
p67phox, respectively. In contrast to p47phox, NOXO1 does
not require phosphorylation-induced activation; NOXA1, like
p67phox, interacts with activated Rac, which is obligatory for
the activation of this enzyme isoform [1,5,6]. NOX3, expressed
in vestibular and cochlear epithelia of the inner ear [7], is fullyAbbreviations: CaM, calmodulin; NOX5-EF, regulatory domain of
NOX5 (M1-Q167); CaMBD, calmodulin-binding domain; GST, glu-
tathione S-transferase; GST-Ct, fusion protein of GST coupled at the
N-terminal part of C terminus (M403-F719) of NOX5; Ct-peptide,
peptide D671-Q689 of NOX5; DSS, disuccinimidyl suberate; PMSF,
phenylmethylsulfonylﬂuoride
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1Phagocytotic NOX2 is also activated by the arachidonic acid-binding
protein S100A8/A9 in a Ca2+-dependent way [30].
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NOXA1 [9]. NOX4, abundantly presents in kidney [10], does
not require cytosolic factors and produces superoxide in a con-
stitutive manner [11]. NOX1–4 require the association of
p22phox, essential for their activity [1,11]. NOX5, found in lym-
phoid cells, testis [12] and in prostate cancer cells [13], is acti-
vated by Ca2+ [12] and does not require the transmembrane
p22phox [14].
NOX5 is made up of the basic structure of gp91phox [12]
with, in addition, an N-terminal regulatory domain (called
NOX5-EF) that contains four EF-hands. Upon binding of
Ca2+ the regulatory domain exposes hydrophobic residues
and can interact with the C-terminal catalytic domain and
activate the enzyme. In the absence of Ca2+ the basal enzy-
matic activity is very low. Consistent with the intramolecular
activation by Ca2+, NOX5 does not need any other subunit
[15].
In search for a binding site for the NOX5-EF domain in the
C-terminal domain, we scrutinized the amino acid sequence of
this enzyme and discovered a 20-residue long segment with the
consensus signal of a calmodulin-binding domain (CaMBD).
Since NOX5-EF interacts with the catalytic domain we inves-
tigated if this interaction occurs at this CaMBD. We found
that this domain interacts selectively with calmodulin (CaM)
and not with NOX5-EF. Surprisingly CaM binding does not
lead to additional maximal activation, but increases the sensi-
tivity of NOX5’s enzymatic activity. This adds another level of
complexity to the Ca2+-dependent activation of NOX5.2. Materials and methods
2.1. Materials
The DNA construct encoding the C-terminal fragment of NOX5
was generated from human NOX5b cDNA as previously described
[15]. Bovine brain CaM was puriﬁed as described by Gopalakrishna
and Anderson [16], followed by hydroxyapatite chromatography.
CaM antibody was purchased from Zymed Laboratories, Invitrogen.
The Ct-peptide of NOX5 (corresponding to residues D671-Q689)
was purchased from CMU (Centre Medical Universitaire, Geneva,
Switzerland). The purity was of 95%, as assessed by high-pressure
liquid chromatography analysis.2.2. Protein expression and puriﬁcation
The DNA construct encoding recombinant N terminus (from M1 to
Q167) and C terminus of NOX5 (fromM403 to F719) was transformed
into E. coli BL21 [15]. Protein expression was induced by 6-h incubation
with 500 lM isopropyl-1-thio-b-D-galactopyranoside at 24 C. The glu-
tathione S-transferase (GST) fusion protein was puriﬁed as described
previously [17]. Brieﬂy, the bacterial pellet was harvested, lysed by son-
ication in lysis buﬀer (50 mMTris, pH 7.5, 50 mMNaCl, 5 mMMgCl2,
1 mM dithiothreitol, 1% Triton 100, one tablet of complete EDTA-free
(Roche) and 1 mM phenylmethylsulfonylﬂuoride, PMSF). The lysateblished by Elsevier B.V. All rights reserved.
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incubated for 1-h at 4 C with glutathione–agarose beads (Sigma), and
washed with lysis buﬀer and 1· phosphate buﬀered saline (PBS). The
purity of the recombinant fusion protein was veriﬁed by SDS–PAGE
in 15% gels.
All experiments with the C-terminus of NOX5 were done using the
glutathione–agarose-bound fusion protein since, after thrombine
cleavage between GST and Ct, the latter was completely insoluble
and remained entrapped in the agarose beads. During and after itsFig. 1. (A) Ca2+-dependent interaction of CaM with NOX5 C terminus check
C terminus (GST-Ct) on glutathione–agarose beads was mixed with CaM in
absence of Ca2+. Resin-bound CaM was visualized by western blotting. CaM
(lane 3); in absence of Ca2+ no CaM signals is detectable (lane 4). Lanes 1 a
non-exclusive binding of CaM and NOX5-EF to GST-Ct checked by pull dow
are the GST-Ct and CaM + NOX5-EF controls. Lanes 3, 4, 5 (GST-Ct +
GST-Ct binds both CaM and NOX5-EF in a Ca2+-dependent way. Lane
impairs the CaM interaction to the C-terminal, but not that of NOX5-EF. L
band and the less intense bands at ca. 40 kDa result from endogenous protepuriﬁcation, the fusion protein GST-C terminus NOX5 (GST-Ct)
underwent some partial proteolysis to a 27 kDa band (see Fig. 1B)
despite the presence of a cocktail of protease inhibitors.2.3. Ca2+-dependent binding of CaM to the NOX5 C Terminus
The Ca2+-dependent interaction of CaM with NOX5 C-terminal do-
main was investigated by pull down assay and followed by Western
blotting and direct Coomassie staining. The buﬀers used wereed by pull down and Western blotting. The GST fusion protein NOX5
presence of 1 mM Ca2+ or 1 mM EGTA and washed in presence or
binds the C-terminal domain of NOX5 only in a Ca2+-dependent way
nd 2 represent controls of CaM and GST-Ct, respectively. (B) Mutual
n and 15% SDS–PAGE followed by Coomassie staining. Lanes 2 and 8
NOX5-EF, GST-Ct + CaM, GST-Ct + CaM + NOX5-EF) show that
6 (GST-Ct + CaM + NOX5-EF + Ct-peptide) shows that Ct-peptide
ane 7 shows that no interactions occur in 1 mM EGTA. The 27 kDa
olysis of GST-Ct.
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EGTA, one tablet of complete EDTA-free (Roche) and 1 mM PMSF.
50 lg of GST-Ct on glutathione–agarose beads were incubated with
13.7 lg of CaM in the presence or absence of CaCl2 for 1-h at room
temperature. After centrifugation (5-min, 2000·g) the supernatant
was removed and the beads were washed extensively with 50 mM
Tris–HCl, pH 7.5, containing 1 mM CaC2 or 1 mM EGTA and the
cocktail of proteases inhibitors. At the end loading buﬀer was added
and the samples boiled for 10 min and analyzed by SDS–PAGE in
15% gels. After transfer of the proteins from the gel to the membrane
(2-h, 60 V at 4 C), the latter was blocked overnight with 1· PBS, 0.5%
milk, 0.5% Tween 20. Subsequently the membrane was incubated for
1-h at room temperature with rabbit anti-CaM (Zymed Laboratories,
Invitrogen), washed, and incubated 1-h at room temperature with anti-
rabbit HRP-labeled antibodies (Promega). The pulled down proteins
were detected using ECL solution (Amersham).
2.4. Covalent cross-linking
Cross-linking experiments between CaM and Ct-peptide were per-
formed at room temperature as described earlier [18]. Brieﬂy, 8 lg of
CaM in 25 mM (NH4)HCO3, pH 7.5, in presence of 1 mM CaCl2 or
1 mM EGTA was incubated at diﬀerent ratios with Ct-peptide in the
presence of 100 lM of disuccinimidyl suberate (DSS), after 1-h the
reaction was stopped by adding 1 mM ethanolamine. The samples
were analyzed by SDS–PAGE in 17.5% gels.
2.5. Trp ﬂuorescence
Trp ﬂuorescence spectra and isotherms were measured at 20 C
using a Perkin–Elmer LS 50B spectroﬂuorimeter as described earlier
[19]. The protein concentration was 2–4 lM.
2.6. Membrane preparation and detection of NADPH superoxide
generation
Membranes of NOX5-tranfected and control HEK293 cells were
prepared as described before [15,20]. Superoxide generation was mea-
sured by lucigenin chemiluminescence assay using FluoSTAR OPTI-
MA, BMG Labtech. The mixtures were prepared as previously
described [16]. Brieﬂy, 7 lg of membrane proteins was prepared in a
ﬁnal volume of 200 ll/well. The mixture containing 50 mM HEPES,
pH 7.5, 100 lM lucigenin, 0.3 mM BAPTA, 0.3 mM NTA, 0.3 mM
HEDTA, 10 lM FAD, 1 mM MgCl2, 5.5 lM phosphatidic acid (Sig-
ma), various CaM and Ca2+ concentrations were added. The free
Ca2+ concentration was calculated using the program Eqcal for Win-Table 1
Sequence comparison of CaM-binding domains (CaMBD)
*MLCK, myosin light chain kinase of skelet al muscle.dows. The reactions were performed at 37 C and initiated by adding
200 lM NADPH. Superoxide generation was determined by measur-
ing the lucigenin emission at 590 nm.3. Results
3.1. Interaction of CaM with NOX5 C Terminus
To investigate the interaction between NOX5 C terminus
and CaM we performed pull down followed by Western blot-
ting with CaM antibody as described in Section 2. CaM was
added to the GST-Ct immobilized on glutathione–agarose in
the presence or absence of 1 mM CaCl2. CaM was able to bind
the NOX5 C terminus only in the presence of Ca2+, but not in
the presence of the Ca2+ chelator EGTA (Fig. 1A). Since
NOX5-EF also binds to the same GST-Ct [15], we questioned
if NOX-EF and CaM interact with two diﬀerent binding sites
on the NOX5 C terminus. Therefore, we performed a pull
down assay: 100 lg of GST-Ct beads was mixed with 100 lg
of CaM or 100 lg of NOX5-EF or with both, incubated 1-h
at room temperature, then washed and samples were analyzed
by SDS–PAGE followed by Coomassie staining. As shown in
Fig. 1B both CaM and NOX5-EF can simultaneously bind to
the C terminus with band intensities comparable to those in
experiments where only one Ca2+-regulator was present. When
the Ct-peptide was added to the mixture of CaM and NOX5-
EF, only the CaM interaction with the GST C-terminal was
abolished, thus proving the diﬀerence of the CaMBD and
the NOX5-EF binding sites.
3.2. Ca2+-dependent complex formation between CaM and
Ct-peptide of NOX5
The alignment of the sequences of the CaM-binding domains
of diﬀerent proteins and of the putative CaMBD of NOX5 C
terminus is shown in Table 1. It has the characteristics of the
so-called 1–14 subclass of CaMBD with bulky hydrophobic
residues in positions 1, 5 and 8 [21], but not in position 14.
Fig. 2. Ca2+-dependent complex formation between CaM and NOX5 Ct-peptide was monitored by 17.5% SDS–PAGE after covalent crosslinking
with DSS. CaM was incubated with diﬀerent ratios of Ct-peptide in presence of 1 mM Ca2+ (lanes 3–7) or 1 mM EGTA (lanes 8–10). The complex
formation is complete at the stoichiometry of 1 (lane 5). In EGTA no complex formation is detectable.
Fig. 3. Interaction of CaM with NOX5 Ct-peptide measured by Trp ﬂuorescence. (A) Fluorescence spectra of CaM (. . .), Ct-peptide (- - - -) and the
equimolar mixture of CaM and Ct-peptide (- - - -). Non-additivity is evident by the strong blue shift in the complex and isosbestic point at 364 nm.
(B) Titration of 4 lM of Ct-peptide with CaM. The control (lower line) shows the ﬂuorescence contribution of CaM alone.
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13. We synthesized the NOX5 C-terminal-peptide (Ct-peptide),
D671-Q689, assumed to bind CaM, and we performed cross-
linking experiments; CaM and diﬀerent ratios of Ct-peptide
were incubated with DSS in the presence or absence of 1 mM
CaCl2. A complex was formed in presence of CaCl2, but not
in presence of EGTA (Fig. 2). The molecular weight of the
CaM:Ct-peptide complex indicates a 1:1 stoichiometry. Not
other complex of diﬀerent stoichiometry could be observed.
3.3. Interaction of NOX5 peptide with CaM monitored by Trp
Fluorescence
The Ct-peptide contains a Trp residue which ﬂuoresces max-
imally at 352 nm, indicating it is fully exposed to the buﬀer.
Upon addition of CaM in the presence of 1 mM Ca2+ the max-
imal ﬂuorescence is at 328 nm and the ﬂuorescence increases
nearly twofold (Fig. 3A). The titration of 2 mM of CaM-bind-
ing peptide in 1 mM Ca2+ indicates a 1.0 CaM:CaM-bindingFig. 4. (A) Inﬂuence of CaM on the superoxide production by NOX5-conta
generation by NOX5 in absence of CaM (d), in presence of 1 lM CaM (s
production at 0.13 lM free [Ca2+].peptide stoichiometry and an estimated Kd of 25 nM
(Fig. 3B). In the presence of 1 mM EGTA addition of excess
CaM leads to a very slight ﬂuorescence intensity decrease
and a small blue shift (not shown), indicating that an interac-
tion occurs, but very diﬀerent from that in the presence of
Ca2+. Similar measurements were performed with the regula-
tory NOX5-EF, which interacts with an unidentiﬁed segment
in the catalytic C-terminal part of NOX5. However, in the
presence as well as in the absence of Ca2+ these ﬂuorescence
spectra were fully additive, suggesting no interaction.
3.4. CaM inﬂuence on NOX5 superoxide generation
Previously, we reported that superoxide generation by
NOX5 in a cell free system was strongly dependent on the
free Ca2+ concentration [15] and this was conﬁrmed in this
study: the activation starts at around 300 nM free [Ca2+]
and is maximal at around 7 lM (Fig. 4A, closed circles). In
the present study, we measured the inﬂuence of 1 (openining membranes, as a function of [Ca2+]. Ca2+-dependent superoxide
), and 30 lM CaM. (). (B) CaM dependence of NOX5 superoxide
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activation of NOX5. CaM does not aﬀect the maximal
activation by Ca2+ but increases the sensitivity for free
Ca2+. All the curves reﬂect positive cooperativity with a
Hill coeﬃcient of 2. In order to appreciate the precise func-
tion of CaM at physiological concentration we show in
Fig. 4B the CaM dependency of superoxide generation
by NOX5 in the presence of 300 nM free [Ca2+]. The activa-
tion starts at 10 lM of CaM and reaches the maximum at
100 lM CaM, reﬂecting positive cooperativity. Addition of
up to 100 lM of the Ct-peptide does not at all impair the
activation of NOX5 by Ca2+ (not shown), conﬁrming that
NOX5-EF binds to another, not yet identiﬁed site of the C
terminus.4. Discussion
In addition to their sophisticated upregulation of expression
under stress [13,22,23], most NOX isoforms show a great
diversity in molecular composition and, after stimulation by
diﬀerent signals such as pathogens and receptor agonists, of
regulatory mechanisms [24]. Until recently the isoform
NOX5 displayed the simplest activation mechanism.2 As in
several Ca2+-activated enzymes, such as calpain [25] and phos-
pholipase C [26], the Ca2+-regulated domains reside on the
same polypeptide as the catalytic activity and upon Ca2+ bind-
ing the regulatory domain interacts with the catalytic domain.
The inherent sensitivity of NOX5 to cytoplasmic free [Ca2+] is
strictly conﬁned to a span of 0.1–1.0 lM (nH is 2). This may be
a quite physiological [Ca2+]i just beneath the cell membrane.
The present study shows that there is one more degree of com-
plication in the Ca2+ activation of NOX5. A canonical
CaMBD was detected in the C terminus. Our data show that
NOX5-EF do not bind to the CaMBD, since one copy of both
NOX5-EF and CaM can simultaneously bind to the catalytic
C-terminus and NOX5-EF does not bind to the Ct-peptide.
The NOX5-EF-binding domain has still not been identiﬁed.
Structurally, the Ca2+-dependent interaction of CaM with
NOX5 is very similar to that in most of the classical CaM tar-
get enzymes listed in Table 1A [27].
The functional consequences of the CaM interaction are
quite surprising: it seems that its eﬀect on the enzymatic activ-
ity is directly linked to the mechanism of activation by the reg-
ulatory N-terminus. Indeed, at free Ca2+ concentrations where
the latter activates the enzyme maximally, CaM addition has
no eﬀect. But at much lower Ca2+ concentrations where the
N-terminus activates the enzyme only partially, CaM addition
leads to a synergy in the activation of NOX5, in other words
CaM increases the Ca2+ sensitivity of the NOX5 response. In
this respect it is interesting to note that NOX4, which presents
a CaMBD very similar to that of NOX5 (see Table 1B), is not
at all activated by CaM (F.T. and Bianca Mottironi, unpub-
lished data). It would be interesting to test the CaM interaction
and its eﬀect on the enzymatic activity of the ‘short form’ of
NOX5, an alternative splice product of the nox5 gene, which
does not contain the regulatory Ca2+-binding domain but pos-2After submission of the manuscript we became aware of a study on
the regulation of NOX5 activity by phosphorylation [31]. Phosphor-
ylation of Ser490, Thr494 and Ser498 by a endogenous protein kinase
C increased the Ca2+ sensitivity of the enzyme.sesses the CaMBD and is present in SEG1 esophageal adeno-
carcinoma cells [23].
Since Ca2+-CaM activation of diﬀerent enzymes is a multi-
vectorial process [28] the Ca2+ sensitivity curves are sensitive
to the concentration of CaM and this sensitivity can be varied
and adapted to the needs in particular microdomains in the
cell. This may be well suited in sperm, which is rich in
NOX5 enzyme, because during sperm diﬀerentiation and epi-
didymal maturation CaM becomes localizes in an acrosomal
microdomain where sperm and egg interact and fuse [29].
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